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ABSTRACT 

The e lec t rochemica l  ox ida t ion  of methanol on platinum was 
s tud ied  a s  a func t ion  of temperature, composition of e l e c t r o l y t e  and 
pretreatment  of the  e l ec t rode .  The major i ty  of the d a t a  were obtained 
with the  l i n e a r l y  varying p o t e n t i a l  technique.  Resul t s  i n d i c a t e  
t h a t  the  oxida t ion  of methanol i n  a l k a l i n e  s o l u t i o n  proceeds a t  a 
p o t e n t i a l  some 200-300 mV. l e s s  p o s i t i v e  than  i n  acid,  ( p o t e n t i a l s  
versus  the  hydrogen e l ec t rode  i n  the same s o l u t i o n ) .  Peak cu r ren t s  
f o r  a b r i g h t  platinum e lec t rode  a r e  independent of s t i r r i n g  and 
inc rease  w i t h  i nc reas ing  vol tage  sweep r a t e s .  From t h e  e f f e c t  of 
temperature on the r e a c t i o n  r a t e ,  i t  is  ev ident  t h a t  t h e  formation 
of platinum oxide i s  no t  the  r a t e  determining s t e p .  Current t r a n s i -  
e n t s  a t  low p o t e n t i a l s  i n d i c a t e  t h a t  the i n i t i a l  s t e p  involves  
the  a b s t r a c t i o n  of a hydrogen atom; and t h a t  the  oxida t ion  of the 
remaining methanol fragment determines the  r e a c t i o n  r a t e .  

INTRODUCTION 

I n  r ecen t  years, the  anodic ox ida t ion  of methanol on 
platinum i n  both a c i d i c  and bas i c  media, has  been s tud ied  i n  consi- 
de rab le  d e t a i l .  The impetus f o r  these inves t iga t ions  i s  der ived 
from a search f o r  s u i t a b l e  f u e l s  t o  rep lace  hydrogen i n  the  f u e l  
c e l l .  B r e i t e r  e t .  a l .  (1,2) have s tud ied  the  oxida t ion  processes  
i n  ac id  so lu t ion ;  and found the  cu r ren t  t o  be p ropor t iona l  t o  the 
amount of  methanol adsorbed on the sur face  of t h e  e l ec t rode .  These 
au thors  propose t h a t  t h e  i n i t i a l  s t e p  i n  the r e a c t i o n  i s  the  d i r e c t  
ox ida t ion  of the  methanol molecule (adsorbed)  t o  a methanol r a d i c a l  
and a hydrogen ion .  

The anodic oxida t ion  i n  a l k a l i n e  s o l u t i o n  has  been s tudied 
b y  V i e l s t i c h  ( 3 )  and Buck and G r i f f i t h  ( 4 ) .  
t h a t  r a t h e r  than  the  d i r e c t  e lec t rochemica l  ox ida t ion  of the  methanol, 
t h e  platinum r e a c t s  t o  form a platinum hydroxide which i n  t u r n  oxi- 
d i z e s  the  methanol chemically. The formation of the  platinum 
hydroxide must then be r a t e  determining. V i e l s t i c h  suppor ts  h i s  
hypothes is  by the  f a c t  t h a t  the cu r ren t  peak i n  the  cur ren t -vol tage  
c h a r a c t e r i s t i c  i s  normally independent of the  oxid izable  substance.  
The f a c t  t h a t  methanol i n  6-8 Molar a l k a l i  i s  oxidized spontaneously 
a t  temperatuyes exceeding 80°C i s  explained by assuming a base 
ca ta lyzed  dehydrogenation mechanism. 

i n  both ac id  and a l k a l i  media. For t he  bas i c  system, these  au thors  

V i e l s t i c h  (3 )  concludes 

Buck and G r i f f i t h  ( 4 )  s tud ied  the  anodic ox ida t ion  processes 
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ca lcu la t ed  a Tafe l  s lope  of 0.21 - 0.28V.; and they concluded t h a t  
t he  ' r a t e  determining s t e p  i n  a l k a l i n e  so lu t ion  involves  the r eac t ion  
of a methylate and two hydroxide ions  with the t r a n s f e r  of two e lec-  
t r o n s .  

Some f u r t h e r  work was done recent ly  b y  Liang and Frankl in  
(5), who s tudied  t h e  anodic 
dehyde i n  add i t ion  t o  t h a t  of methanol. Oxley, e t .  a l .  ( 6 )  inves- 
t i g a t e d  the anodic processes  i n  ac id  by s tudying the p o t e n t i a l  decay 
curves.  The e f f e c t  of t he  reduct ive  adsorpt ion of C02 was s tudied  
b y  Giner ( 7 ) .  

t h e  f a c t o r s  which govern t h e  shape of the  cu r ren t  - voltage curve 
obtained by t he  l i n e a r l y  varying p o t e n t i a l  technique (L.V.P.)  are ,  
i n  general ,  s t i l l  unknown. I n  t h i s  paper, we desc r ibe  some work 
c a r r i e d  out i n  order  t o  a s c e r t a i n  which va r i ab le s  d i c t a t e  the  
gene ra l  shape of t h e  I - V  curve determined by the technique c i t e d  
above. Furthermore, we w i l l  examine the  theo r i e s  ou t l ined  above 
concerning the  ox ida t ion  of methanol i n  the  l i g h t  of some cu r ren t  
t r a n s i e n t  measurements, and t h e  e f f e c t  of temperature.  

ox ida t ion  of formic ac id  and formal- 

Although a good d e a l  of work has been done i n  t h i s  f i e l d ,  

EXPERIMENTAL 

The e l e c t r o n i c  equipment used i n  these  experiments i s  
based on the use of ope ra t iona l  ampl i f i e r s  t o  con t ro l  the p o t e n t i a l  
of the working e l e c t r o d e .  The bas i c  c i r c u i t r y  i s  due t o  De Ford 
(8 ) .  A modi f ica t ion  permi t t ing  compensation of the I R  vol tage drop 
between re ference  and working e l ec t rodes  has been descr ibed e l s e -  
where ( 9 ) .  A b lock diagram i n d i c a t i n g  the e s s e n t i a l  components of 
t h e  instrument i s  shown i n  Fig .  I. The i n t e g r a t o r  shown i n  F ig .  I 
may be used t o  genera te  a s i n g l e  sweep or a t r i a n g u l a r  wave. I n  
normal experimentation, a t r i a n g u l a r  wave was appl ied t o  the working 
e l e c t r o d e .  

The e l e c t r o l y s i s  c e l l  was of the  conventional H-type wi th  
a s i n t e r e d  g l a s s  d i s c  between anode and cathods compartments. A 
working e l ec t rode  of b r i g h t  platinum f o i l  (lcm. ) was spot-welded 
t o  a platinum wire s e a l e d  i n  s o f t  g l a s s .  The counter e lec t rode  
cons i s t ed  of a p l a t i n i z e d  platinum f o i l ,  of lcm? geometric a rea .  

aqua r eg ia  followed by a d i l u t e  s o l u t i o n  of hydrof luor ic  ac id .  Fur- 
ther washing with copious q u a n t i t i e s  of  d i s t i l l e d  water was ca r r i ed  
o u t  before  t h e  c e l l  was assembled f o r  use.  The hydrof luor ic  ac id  
s o l u t i o n  d i d  no t  appear t o  have any d e l e t e r i o u s  e f f e c t s  on t h e  
plat inum-soft  g l a s s  s e a l .  

The e l e c t r o d e  assembly and c e l l  were washed i n i t i a l l y  with 

The e lec t rochemica l  c e l l  was thermostat ted i n  a water bath 
t o  + _ 0 . 2 O C .  Nitrogen was normally bubbled through the c e l l  a t  a l l  
t imes.  The n i t r o g e n  was pre-conditioned b y  passing i t  through a 
s o l u t i o n  i d e n t i c a l  t o  t h a t  i n  the c e l l .  

a l l  experiments.  
compensation was achieved e l e c t r o n i c a l l y ,  no g r e a t  care  was taken t o  
p lace  t h e  t i p  of t h e  re ference  e l ec t rode  very near t he  working e l ec -  
t rode  su r face .  A l l  p o t e n t i a l s  i n  t h i s  paper w i l l  be c i t e d  wi th  
r e s p e c t  t o  t h e  p o t e n t i a l  of t he  hydrogen e l ec t rode  i n  the same 

A mercury-mercuric oxide re ference  e l ec t rode  was used i n  
S ince  adequate I R  ( re ference  t o  working e l ec t rode  
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s o l u t i o n .  Rather than  ca l cu la t e  the p o t e n t i a l  of the  Hg/HgO e lec -  
t rode  versus t h a t  of t h i s  hydrogen e l ec t rode  f o r  each s e t  of condi- 
t i ons ,  i t s  value was determined experimental ly .  Before the  p o t e n t i a l  
of the  Hg/HgO reference  e l ec t rode  was measured, i t  was e s t ab l i shed  
t h a t  the p o t e n t i a l  of t h e  hydrogen e l ec t rode  i s  not  s i g n i f i c a n t l y  
a f f ec t ed  by t he  presence of methanol a t  temperatures  below 60°C. 

Harleco carbon dioxide f r e e  sodium hydroxide and ACS 
a n a l y t i c a l  reagent  grade methanol were used i n  a l l  experiments. The 
appropr ia te  concent ra t ions  of r e a c t a n t  and e l e c t r o l y t e  were pre- 
pared b y  d i l u t i o n  of the  concentrated m a t e r i a l  with doubly d i s t i l l e d  
water. 

Since i t  i s  normally d i f f i c u l t  t o  ob ta in  reproducible  
r e s u l t s  when the h i s t o r y  of t he  e l ec t rode  i s  not  c l e a r l y  defined, 
a pre-treatment was devised t o  promote reproduc b i l i t y .  I n i t i a l l y ,  
oxygen was evolved from the  e l ec t rode  a t  5mA/cmg f o r  5 seconds. 
The e lec t rode  p o t e n t i a l  was then reduced t o  the i n i t i a l  value f o r  
t he  subsequent l i n e a r l y  varying p o t e n t i a l  sweep. After maintaining 
the  p o t e n t i a l  a t  t h i s  value f o r  2 minutes, a r e p e t i t i v e  t r i a n g u l a r  
wave was appl ied t o  the  working e l ec t rode .  Nitrogen was bubbled 
through the e l e c t r o l y t e  t o  remove oxygen produced dur ing  the  pre- 
t reatment  a s  e f f e c t i v e l y  a s  poss ib le .  This  type of pre- t reatment  
normally gave r e s u l t s  reproducib le  t o  25%. 

RESULTS AND DISCUSSION 

The major po r t ion  of t h i s  work cons is ted  of an  i n v e s t i -  
g a t i o n  of the  s y s t e m ,  b r i g h t  platinum/2M methanol, 4.5 M sodium 
hydroxide. Unless s t a t e d  otherwise i n  the  t ex t ,  i t  w i l l  be assumed 
understood t h a t  t h i s  i s  t h e  experimental  system. The advantage 
of the high concent ra t ion  of methanol i s  t h a t  normally the  back- 
ground cu r ren t  caused b y  charging of the double layer  and adsorp- 
t i o n  of oxide or hydroxide spec ies  i s  neg l ig ib ly  smal l  over an 
apprec iab le  p o t e n t i a l  range, a s  compared t o  the oxida t ion  cu r ren t  
of the methanol. The l a s t  s ta tement  is  no t  necessa r i ly  t r u e  a t  
temperatures near  0°C. 

The s y s t e m  c i t e d  above was chosen t o  study the  e f f e c t s  
of vol tage sweep . ra te ,  temperature, and vol tage sweep range on the  
current-vol tage c h a r a c t e r i s t i c .  I n  addi t ion ,  a study was made of 
t he  e f f e c t s  of e l e c t r o l y t e  and methanol concent ra t ion  .on the  genera l  
f e a t u r e s  of t he  cur ren t -vol tage  curve, and on the  cu r ren t  a t  constant  
p o t e n t i a l .  

The normal vol tage  sweep range was wi th in  t h e  l i m i t s  of 
+300 t o  +1400 mV. It i s  f e l t  t h a t  the adsorp t ion  and poss ib l e  
evo lu t ion  of hydrogen a t  lower p o t e n t i a l s  and the  evo lu t ion  of 
oxygen a t  higher  p o t e n t i a l s  only complicates the i n t e r p r e t a t i o n  of 
t h e  d a t a .  'Of. course, i n  bas i c  Solu t ion  even a t  +300 mV. a small  
amount o f  hydrogen i s  adsorbed. 

LINEARLY VARYING POTENTIAL EXPERIMENTS 

General C u r r e n t  Voltage Curve and t h e  E f f e c t  of Temperature . 

I n  Fig.  2 we show the  l e a s t  complex of the  i - V  curves 
The Curve is  f o r  t h e  2M CH30H/4.5M NaOH obtained i n  t h i s  s tudy.  

system a t  60"c and a vol tage  sweep r a t e  of 100 mV./sec. Both the 
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1-V curves fo r  the  i n i t i a l  sweep and 
shown. By steady s t a t e ,  we r e f e r  t o  
vol tage  scans do not  a l t e r  the curve 

a "steady s t a t e "  curve a re  
t h e  condi t ion  when subsequent 
s i g n i f i c a n t l y .  

From Fig.  2, w e  note  t h a t  t he  cu r ren t  a t  low p o t e n t i a l s  
f o r  t h e  i n i t i a l  sweep l i e s  below t h a t  f o r  the  s teady s t a t e  curve. 
A t  h igher  p o t e n t i a l s ,  the  i -V curves c ross  snd the cu r ren t  f o r  t h e  
i n i t i a l  sweep exceeds t h a t  of t he  s teady s t a t e  scan.  This sequence 
of events  is  a func t ion  of  t h e  experimental  condi t ions .  The i - V  
curve f o r  i nc reas ing  p o t e n t i a l s  i n  Fig.  2 ( l a t e r  r e f e r r e d  t o  a s  the  
forward sweep) has a s i n g l e  maximum and no p l a t eaus  or i n f l e c t i o n s .  
This  f e a t u r e  i s  r a t h e r  d i f f e r e n t  from t h e  curve obtained b y  Breiter 
( 2 )  f o r  the  ox ida t ion  o f  a molar methanol i n  molar pe rch lo r i c  ac id  
s o l u t i o n .  Fig.  2 a l s o  shows t h e  i - V  curve f o r  the decreas ing  poten- 
t i a l  sweep ( l a t e r  r e f e r r e d  t o  a s  the r eve r se  sweep). 
maximum f o r  t h e  r eve r se  sweep does not  l i e  ou t s ide  the  forward i - V  
curve a s  has been observed f o r  some methanol-acid s y s t e m s  (1). The 
a c t u a l  p o t e n t i a l  of t h e  cu r ren t  peak f o r  the reverse sweep depends 
markedly on the  experimental  condi t ions ;  and w i l l  be considered i n  
some d e t a i l  l a t e r  on i n  t h i s  paper. 

gion, i . e .  a t  p o t e n t i a l s  below t h a t  of t h e  cu r ren t  maximum a r e  
g rea t e r  f o r  t h e  r eve r se  than  t h e  forward sweep. T h i s  "hys t e re s i s  
loop" i s  less ronounced i n  the  a l k a l i n e  than i n  t h e  ac id  s y s t e m  
( c . f .  Brei ter  7 4 ) ) .  Although the e f f e c t  decreases  w i t h  i nc reas ing  
temperature, i t  is  s t i l l  present  a t  60°C. 

a t  O°C. The a c t u a l  c u r r e n t s  a t  t h e  same p o t e n t i a l s  a r e  obviously 
much lower than a t  60"c .  Decreasing t h e  temperature has  a l t e r e d  
t h e  genera l  shape of t h e  i - V  curve q u i t e  considerably.  The cu r ren t  
f o r  the  i n i t i a l  forward sweep l i e s  below t h a t  of t h e  s teady s t a t e  
curve a t  a l l  p o t e n t i a l s ;  and t h e  loop formed a s  a r e s u l t  of t h e  
d i f f e r e n c e  between c u r r e n t s  fo r  forward and r eve r se  sweeps i s  
appreciably l a r g e r  than  a t  60°c. Furthermore, a t  the lower tempera- 
t u r e s  the i-V curve f o r  t he  reverse  sweep i s  much l e s s  symmetrical 
about t h e  p o t e n t i a l  o f  t h e  cu r ren t  maximum, and the  curve shows an 
i n f l e c t i o n .  The "back" s ide (nega t ive  r e s i s t a n c e  po r t ion )  of the 
forward curve, i . e .  a t  p o t e n t i a l s  exceeding t h a t  of t h e  cu r ren t  
maximum, shows a shoulder  a t  O°C which i s  absent  a t  60°C. 

i n  some d e t a i l ,  we s h a l l  now consider  poss ib l e  explana t ions  f o r  
t h e  "hysteresis loop" f o r  forward and r eve r se  sweep cur ren ts ,  and 
t h e  e f f e c t  of temperature  on t h e  shoulder  and i n f l e c t i o n  on t h e  1-v 
c h a r a c t e r i s t i c  shown i n  Fig.  3. 

h y s t e r e s i s  loop r e f e r r e d  t o  above. Giner (7 )  has  suggested t h a t  a 
reduced form of C02 i s  adsorbed on t h e  e l ec t rode  su r face  w h i l e  the 
e lec t rode  i s  maintained a t  i t s  i n i t i a l  p o t e n t i a l ;  say below 250 mV. 
i n  molar ac id .  The reduced C02 may be formed from e i t h e r  Cog o r  
carbonate  i n  s o l u t i o n  o r  from methanol. This  reduced Cog then  a c t s  
a s  a poison t o  the ox ida t ion  r eac t ion .  It has  a l s o  been suggested 
t h a t  the  e f f e c t s  might r e s u l t  from a lower concent ra t ion  of adsorbed 
methanol dur ing  t h e  r e v e r s e  sweep, and t h a t  ox ida t ion  proceeds more 
r e a d i l y  on a ba re  s u r f a c e .  

The cu r ren t  

A s  shown i n  Fig.  2 t he  cu r ren t s  i n  t h e  low p o t e n t i a l  re- 

Fig.  3 d e p i c t s  t he  i - V  c h a r a c t e r i s t i c  f o r  t he  same s y s t e m  

Having d i scussed  the genera l  p r o p e r t i e s  of t h e  1-V curves 

A number of sugges t ions  have been made t o  account for the  
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Although i t  cannot be denied t h a t  both explanat ions,  i n  
view of experimental  r e s u l t s  f o r  t h e  ac id  system, appear reasonable;  
t h e  r e s u l t s  f o r  the b a s i c  system do not support  t h i s  explanat ion.  
Let us consider the  reduced C02 hypothesis .  We have found t h a t  the  
h y s t e r e s i s  loop i s  no t  s i g n i f i c a n t l y  dependent on the  i n i t i a l  poten- 
t i a l  and on the time t h a t  the p o t e n t i a l  was maintained a t  i t s  i n i t i a l  
va lue .  I n  our work, the  i n i t i a l  p o t e n t i a l  was always maintained 
above the  p o t e n t i a l  of t he  hydrogen e l ec t rode  i n  t h e  same so lu t ion .  
Giner (73 r e p o r t s  t h a t  i n  t h e  ac id  system the reduced C02 spec ies  is 
produced below 250 mV.; but  i n  t h e  bas i c  s y s t e m  the corresponding 
p o t e n t i a l  should be s e v e r a l  hundred m i l l i v o l t s  l e s s  p o s i t i v e .  
According t o  t h i s  author,  t he  reduced spec ie s  i s  oxidized a t  poten- 
t i a l s  exceeding 400 mV. 
reduced Cog hypothesis  i s  appl icable  t o  the  bas i c  system. Further-  
more, one should observe an e f f e c t  of the  holding time (time t h a t  the 
p o t e n t i a l  Is  maintained a t  i t s  i n i t i a l  va lue )  a t  t he  i n i t i a l  poten- 
t i a l .  This i s  not  observed. A poss ib le  explanat ion i s  t h a t  the  
adsorp t ion  of t he  reduced spec ies  i s  s o  rap id  t h a t  when the  holding 
time exceeds one second, no f u r t h e r  e f f e c t  will be observed. 

To account f o r  the  h y s t e r e s i s  loop b y  assuming t h a t  the 
r e a c t i o n  occurs more r ap id ly  on a bare  sur face  would seem contra-  
d i c t o r y  t o  the  f a c t  t h a t  the  cu r ren t  a t  r e l a t i v e l y  high su r face  
coverages, 0.3 - 0.8, appears t o  be propor t iona l  t o  t h e  su r f ace  
coverage. 

of a poisonous in te rmedia te  a t  p o t e n t i a l s  when the  su r face  oxide i s  
p resen t  does no t  seem app l i cab le  s ince  the loop i s  present  even when 
t h e  most pos i t i ve  p o t e n t i a l  i s  l e s s  than  t h a t  where oxide adsorpt ion 
I s  poss ib l e .  It could be thought t h a t  the increased c u r r e n t s  on the  
r eve r se  sweep a re  due t o  a c t i v a t i o n  of the e l ec t rode  by adsorp t ion .  
and reduct ion  of t he  su r face  oxide r e s u l t i n g  i n  a d i f f e r e n t  r eac t ion  
product .  Although t h i s  p o s s i b i l i t y  cannot be discounted f o r  t he  
a l k a l i  system, i t  does not  seem va l id  i n  the ac id  s y s t e m  where the 
d i f f e rence  i n  cu r ren t  f o r  r eve r se  and forward sweeps i s  much too  
l a r g e .  The reason f o r  pos tu l a t ing  a d i f f e r e n t  r e a c t i o n  product f o r  
a more a c t i v e  e l ec t rode  i s  t h a t  the r e a c t i o n  roduct  is known t o  
depend on the  e l ec t rode  c a t a l y s t  ma te r i a l  (115. 

A poss ib le  explana t ion  f o r  t h i s  phenomenon, which t o  the 
b e s t  of our knowledge has not been explored previously,  I s  t ha t  a 
r e a c t i o n  cons i s t ing  of an adsorbed methanol spec ies  and a methanol 
molecule involving a bare  su r face  s i t e  is  respons ib le .  It i s  
proposed t h a t  t h i s  r e a c t i o n  occurs i n  conjunct ion w i t h  t h e  normal 
r e a c t i o n  of the  adsorbed methanol. I n  t h i s  manner, t h e  lower 
su r face  coverage i n  the reverse  sweep should y i e l d  a somewhat higher 
r e a c t i o n  r a t e  and a t  coverages between 0.3 and 0.8 the  r e a c t i o n  r a t e  
could be propor t iona l  t o  the  adsorbed ma te r i a l .  It must be empha- 
s ized ,  however, t h a t  t h i s  explanat ion i s  specula t ive  and more da ta  
regard ing  t h e  var ious  s t e p s  i n  the r e a c t i o n  mechanism a r e  necessary.  

smal le r  than t h a t  i n  ac id  may be due t o  a c lose r  concurrence of 
t h e  adsorp t ion  isotherm f o r  t he  forward and r eve r se  sweeps. To 
our mowledge, no da t a  regard ing  these isotherms are a v a i l a b l e  
for t he  bas i c  system. 

Hence, it does not  seem l i k e l y  t h a t  the 

A p o s s i b i l i t y  t h a t  the  h y s t e r e s i s  loop i s  due t o  removal 

The f a c t  t h a t  the  h y s t e r e s i s  loop i n  a l k a l i  i s  somewhat 
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, 
The i n f l e c t i o n  on the  i - V  curve f o r  t h e  r eve r se  sweep may 

Such an  explana- I be due t o  an apprec iab le  oxide reduct ion  cu r ren t .  
t i o n  i s  not s a t i s f a c t o r y ,  however, s ince  t h e  i n f l e c t i o n  changes t o  b 
a minumum when t h i s  cathodic  cu r ren t  i s  made neg l ig ib ly  smal l .  It 
i s  poss ib le  t h a t  t h i s  i n f l e c t i o n  r e s u l t s  from t h e  same process a s  
t h a t  which causes the  shoulder  on t h e  forward curve a t  OOC. The 
shoulder  i s  presumeably caused b y  i n t e r a c t i o n  of t he  sur face  oxide, 
a methanol spec ie s  and a bare  s i t e .  It seems improbable t h a t  the 
cu r ren t  can be ascr ibed  t o  removal of adsorbed methanol, o r  a d i f -  
f e r e n t  r eac t ion  occurr ing  on the  oxide su r face .  A t  these  po ten t i a l s  
t h e  sur face  concent ra t ion  of methanol must be very small ,  and i f  a 
d i f f e r e n t  r e a c t i o n  on the  sur face  oxide causes the shoulder,  then  
one would not  expect  t h e  cu r ren t  t o  decrease wi th  inc reas ing  poten- 
t i a l .  The oxide concent ra t ion  ( sur face  coverage) a t  t h e  p o t e n t i a l  
of the i n f l e c t i o n  i n  t h e  i - \ T  curve f o r  t h e  reverse  sweep should be 
very s i m i l a r  t o  t h a t  a t  the  p o t e n t i a l  of t he  shoulder on the  forward 
curve.  It is, the re fo re ,  not inconceivable t h a t  a r e l a t i o n  e x i s t s .  

1 

i 
1 

The l ack  of an  i n f l e c t i o n  a t  higher  temperatures (60°C) 
i s  probably due t o  t h e  f a c t  t h a t  t he  sur face  oxide i s  reduced a t  a 
h igher  p o t e n t i a l  and hence the  peak cu r ren t  f o r  t he  main r eac t ion  
f o r  t h e  reverse  sweep i s  much higher ,  thereby making the  "surface 
phenomena" l e s s  s i g n i f i c a n t .  

The s h i f t  of t he  p o t e n t i a l  of the  cur ren t  maximum on the  
r eve r se  sweep t o  lower va lues  a s  t he  temperature i s  lowered i s  
a l s o  thought t o  be a r e s u l t  of a s h i f t  i n  the  p o t e n t i a l  a t  which 
t h e  sur face  oxides  a r e  reduced. It i s  known t h a t  t he  reduct ion  of 
t h e  sur face  oxides  occurs  a t  l e s s  p o s i t i v e  p o t e n t i a l s  a s  the  temp- 
e r a t u r e  i s  lowered ( 1 2 ) .  Hence, the  cu r ren t  peak should a l s o  be 
s h i f t e d  t o  less p o s i t i v e  p o t e n t i a l s .  

The Dependence of t h e  T a f e l  Slope on Temperature 

methanol a t  60"c a r e  depic ted  i n  Fig.  4. 
i n i t i a l ,  and s teady  s t a t e  forward and reverse  sweeps a r e  12% 15 mV. 
and 170-1- 20 mV., r e s p e c t i v e l y .  These values  were found t o  bz 
e s s e n t i a l l y  independent of temperature f o r  the i n i t i a l  and steady 
s t a t e  reverse  sweeps. 

The T a f e l  s lope  fo r  the  s teady s t a t e  forward sweep f o r  
t h i s  range of p o t e n t i a l s  i s  markedly dependent on the  temperature.  
Decreasing the temperature  from 60" t o  0°C caused i t s  value t o  r i s e  
from l70-I-20 mV. t o  2401-25 mV. The l a t t e r  value i s  i n  reasonable  
accord wTth t h a t  reporzed b y  Buck and G r i f f i t h  ( 4 )  f o r  t h e  oxida- 
t i o n  of methanol on a p l a t i n i z e d  platinum b a l l  a t  25"C, a t  a vol tage 
sweep r a t e  o f  8 mV./sec.  and methanol concent ra t ion  below 0.025M. 
Hence, a s  t h e  temperature i s  r a i sed ,  the Tafe l  s lopes  f o r  steady 
s t a t e  reverse  and forward sweep converge. 

i n t e r p r e t e d  i n  terms of Z one e l e c t r o n  t r a n s f e r  mechanism having a 
symmetrical  energy b a r r i e r .  However, s ince  t h e  sur face  concentrat ion 
of methanol changes w i t h  p o t e n t i a l  during the  scan i t  cannot be 
assumed t h a t  t h i s  s lope  i s  c h a r a c t e r i s t i c  of the e l e c t r o n  t r a n s f e r  
r e a c t i o n .  B r e i t e r  (l), assuming Langmuir k ine t i c s ,  and co r rec t ing  
the  observedcuzrknts  f o r  the  e f f e c t  of t he  sur face  coverage, tal- 
cu la t ed  a value of 0.67 f o r  m, If we consider  t h a t  the e f f e c t  of 

j 
1 

I 

1 A few l o g  i - p o t e n t i a l  curves f o r  the anodic oxida t ion  of 
The Ta fe l  s lopes  fo r  the  

I 

B 
A value of 125t-15 mV. i s  r ead i ly ,  although poss ib ly  naively,  
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decreased su r face  coverage r e s u l t s  i n  an apparent ly  increased Tafe l  
slope,  it would appear t h a t  our value of l25mV. i s  s i m i l a r  t o  t h a t  
observed by B r e i t e r  . (  l ) ,  i n d i c a t i n g  t h a t  the r a t e  determining s t eps  
a r e  the  same I n  ac id  and base.  

The Ef fec t  of Voltage Sweep Range 

t ed  b y  the  vol tage sweep range provided the maximum and minimum 
p o t e n t i a l s  a re  not  wi th in  the  range  of oxygen o r  hydrogen evolu t ion .  

I n  general ,  t h e  Ta fe l  s lopes  a r e  not  s i g n i f i c a n t l y  affec-  

The cu r ren t  maxima normally decrease wi th  decreasing most 
pos i t i ve  p o t e n t i a l s  a t t a i n e d  during the  sweep and the  number of 
cyc le s  requi red  t o  a t t a i n  a s teady s t a t e  i - V  curve increases .  Fig. 
5 d e p i c t s  the  e f f e c t  of decreasing the  maximum p o t e n t i a l  a t t a i n e d  
dur ing  a p o t e n t i a l  scan.  Reference has  a l ready been made t o  the  
i n f l e c t i o n  on t h e  i - V  curve f o r  t he  r eve r se  sweep ( see  Fig.  3) .  
T h i s  i n f l e c t i o n  changes t o  a marked minimum a s  the  most p o s i t i v e  
p o t e n t i a l  during the sweep i s  decreased from 1400 t o  gOOmV. The 
na tu re  of the  h y s t e r e s i s  loop i s  not s i g n i f i c a n t l y  a f f ec t ed  b y  the 
maximum p o t e n t i a l  provided i t  exceeds the  p o t e n t i a l  of t he  cur ren t  
maximum during the  forward sweep. 

The Effe'ct of Voltage Sweep Rate 

A s  found b y  o the r  i nves t iga to r s ,  the  cu r ren t  maximum rises 
wi th  increas ing  vol tage  sweep r a t e .  The f a c t  t h a t  s t i r r i n g  does not  
e f f e c t  t he  cur ren t -vol tage  c h a r a c t e r i s t i c  shows t h a t  increased  
cu r ren t s  a t  h igher  sweep r a t e s  cannot be accounted f o r  b y  a d i f -  
f u s i o n  process  i n  the bulk  of the  so lu t ion .  I n  addi t ion ,  t he  
increased cu r ren t s  can n e i t h e r  be accounted f o r  by  higher  double 
l aye r  charging cur ren ts ,  s ince  these  a r e  n e g l i g i b l e  a t  t he  higher 
methanol concent ra t ions .  It would appear t h a t  t h i s  phenomenon i s  
a r e s u l t  of a higher  concent ra t ion  of adsorbed ma te r i a l s  a t  the  peak 
p o t e n t i a l  as the sweep r a t e  i s  increased .  It has  been shown ind i r ec t ly  
t h a t  the  concentrat ion of methanol on the  sur face  a t  cons tan t  poten- 
t i a l  inc reases  w i t h  i nc reas ing  sweep r a t e s  (1). Furthermore, the  
i n h i b i t i n g  e f f e c t  of t he  sur face  oxide should decrease a s  the sweep 
r a t e  i s  r a i s e d  s ince  the  oxide adsorp t ion  r e a c t i o n  i s  r a t h e r  
i r r e v e r s i b l e .  

E a r l i e r  re ference  has been made t o  the  shoulder  on the  
i - V  curve a t  p o t e n t i a l s  exceeding t h a t  f o r  t he  cu r ren t  maximum ( see  
F ig .  3). The d a t a  on Fig.  2 would seem t o  i n d i c a t e  t h a t  t h i s  f e a t u r e  
d isappears  a s  t h e  temperature i s ' r a i s e d .  However, even a t  60°c, the  
shoulder may be made t o  r e a p p a r  when the  vol tage  sweep , r a t e  i s  
increased  t o  500 mV/sec. Such behavior i s  c h a r a c t e r i s t i c  of a sur- 
f ace  r eac t ion ;  and i t  was i n t e r p r e t e d  i n  t h i s  manner e a r l i e r .  The 
g r e a t e r  prominence of t h e  shoulder a t  the  lower temperatures may be 
ascr ibed  t o  the f a c t  t h a t  t h e ' c u r r e n t  f o r  t he  main r e a c t i o n  i s  
r e l a t i v e l y  more temperature dependept . 

Raising the vol tage  sweep r a t e  causes the  p o t e n t i a l  of the  
cu r ren t  maximum f o r  t he  r eve r se  sueep t o  d*?ccrrease. T h i s  i s  not  too 
s u r p r i s i n g  s ince  i t  was assumed t h a t  the decrease i n  cu r ren t  beyond 
t h e  maximum on the  forward sweep i s  caused by sur face  oxides;  and 
t h e - p e a k  cur ren t  f o r  the oxide reduct ion  s h i f t s  t o  'lower p o t e n t i a l s  
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as the  sweep r a t e  is inc reased .  A t  increased sweep r a t e ,  the in -  
f l e c t i o n  on the  i - V  curve f o r  the reverse  sweep becDmes more promi- 
nent .  T h i s  f e a t u r e  appears only a t  the lower temperature.  

The Ef fec t  of So lu t ion  Composition 

A s  the  methanol concent ra t ion  i s  r a i sed ,  the cur ren t  a t  
cons tan t  p o t e n t i a l  i n c r e a s e s .  H3wever, a t  concent ra t ions  exceeding 
1 0  Molar, t he  cu r ren t  begins  t o  decrease .  For the concentrat ion 
range 0.1 -2M, t he  s lope  of the  log  i vs .  log  c p l o t  a t  constant  
p o t e n t i a l  i s  uni ty ,  i n d i c a t i n g  t h a t  the  rea 'ction i s  d i r e c t l y  propor- 
t i o n a l  t o  t h e  methanol concent ra t ion .  The shape of the cu r ren t  vol- 
tage curves over t h e  range of concentrat ions where t h e  log 1 vs .  l o g  
c p l o t  i s  l i n e a r  i s  not  s i g n i f i c a n t l y  a f f e c t e d  unless  the sur face  re-  
a c t i o n  i . e .  oxide adsorpt ion,  becomes apprec iab le .  T h i s  occurs a t  
the  higher sweep r a t e s .  

methanol. During the  r eve r se  sweep, cathodic  cu r ren t s  a r e  observed 
and the  normal r eve r se  sweep peak cu r ren t  i s  absent .  Furthermore, 
a cur ren t  minimum and a p l a t eau  a r e  observed on t h e  forward sweep. 
S imi l a r  f e a t u r e s  have been observed f o r  t he  anodic oxida t ion  o f  
methanol i n  ac id .  The phenomena a r e  d i f f e r e n t  i n  nature ,  however, 
i n  t h a t  f o r  the b a s i c  system the minimum and p la t eau  a re  due t o  the 
oxide adsorpt ion c u r r e n t s  which cannot be t h e  explana t ion  f o r  t h e  
ac id  system s ince  the  observed cu r ren t s  a r e  too  high.  

The e f f e c t  of t he  concent ra t ion  of sodium hydroxide 
between 0.01 and 4.5M i s  small .  The genera l  shape of t h e  cur ren t -  
vo l tage  curve does no t  seem t o  be a f f ec t ed  s i g n i f i c a n t l y  a s  t h e  
concent ra t ion  i s  va r i ed  between the  l i m i t s  c i t e d .  

F ig .  6 d e p i c t s  the  curve obtained f o r  a s o l u t i o n  0.1M i n  

Current Trans ien ts  

I n  these  experiments, t h e  p o t e n t i a l  was r a i s e d  t o  a value 
between 1 2 0 0  and 1400 mV., and maintained a t  t h i s  po in t  f o r  about 
10 minutes. The p o t e n t i a l  was then decreased ins tan taneous ly  t o  a 
value between 200 and 400 mV.; and the  cu r ren t  recorded. Fig.  7 
d e p i c t s  t h e  cu r ren t  t r a n s i e n t  f o r  the  condi t ions  c i t e d .  The i n i t i a l  
p o r t i o n  when the  c u r r e n t  i s  negat ive has been omitted and the cur ren t  
t o  the  l e f t  of the graph i s  a combination of the  reduct ion  of sur -  
f ace  oxide and the  ox d a t i o n  of methanol. The peak cu r ren t  a t  400 

a f t e r  one second. The a rea  under t he  curve corresponds t o  the 
charge required t o  oxid ize  a monolayer of hydrogen. The reason for 
t h e  experiment was t o  g a i n  some i n s i g h t  i n t o  the  r e l a t i v e  r a t e s  of 
adsorp t ion  and ox ida t ion  a t  lower p o t e n t i a l s .  It must no t  be 
concluded t h a t  the peak cu r ren t  r ep resen t s  the maximum r a t e  of 
methanol adsorp t ion  a t  t h i s  p o t e n t i a l .  Obviously t h e  r a t e  of ad- 
s o r p t i o n  i s  considerably f a s t e r ,  s ince  the peak value inc ludes  a 
ca thodic  oxide r educ t ion  cu r ren t .  

Fu r the rmore , ' i t  would appear t h a t  t he  i n i t i a l  r eac t ion  
involves  the a b s t r a c t i o n  of one o r  more hydrogen atoms which a r e  
oxidized ins tan taneous ly  a t  a p o t e n t i a l  of 400 mV. The s luggish  
r e a c t i o n  is then a sc r ibed  t o  the  ox ida t ion  o f  t he  remaining methanol 
r a d i c a l .  

mV. i s  about 2.5mA/cm h , some 20-50 t imes g r e a t e r  than  t h a t  observed 

I 
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CONCLUSIONS 

We have already c i t e d  the  r e a c t i o n  mechanism proposed by 
V i e l s t i c h  ( 3 ) ,  who assumes t h a t  t h e  anodic oxida t ion  of platinum t o  
a platinum hydroxide i s  the  r a t e  determining s t e p .  The methanol 
subsequently r e a c t s  chemically w i t h  t he  meta l  hydroxide. The author 
Supports  h i s  hypothesis  b y  t h e  f a c t  t h a t  normally the p o t e n t i a l  of 
t h e  peak cur ren t  i s  independent of t h e  ox id izable  substance.  T h i s  
phenomenon is equal ly  well explained b y  t h e  assumption t h a t  a sur face  
oxide o r  hydroxide i n h i b i t s  the  oxida t ion  r e a c t i o n .  For, t h e  forma- 
t i o n  of t h i s  i n h i b i t o r  is e s s e n t i a l l y  independent of f u e l .  Further-  
more, i t  has been shown b y  V i e l s t i c h  t h a t  a t  higher  temperatures the 
p o t e n t i a l  requi red  t o  oxidize methanol decreases .  Although the 
author  expla ins  t h i s  phenomenon b y  assuming a base catalyzed dehy- 
drogenat ion mechanism, we have found no evidence f o r  h i s  hypothesis  
s i n c e  t h e  i - V  curves and Ta fe l  s lopes  f o r  t he  i n i t i a l  sweeps a re  
no t  s i g n i f i c a n t l y  dependent upon temperature between 0" and 60°C. 

base systems shows t h a t  t he  p o t e n t i a l s  a t  which appreciable  cu r ren t s  
a r e  obtained s h i f t  about the  same amount f o r  both systems (about 
300 mV.) a s  t he  temperature i s  r a i s e d  from 25" t o  85°C. It should 
a l s o  be s t a t e d  t h a t  t h e  equi l ibr ium p o t e n t i a l  f o r  the  bas ic  system 
is  some 250 mV. more negat ive  than  t h a t  f o r  t he  ac id  s y s t e m ;  and if 
t he  r e a c t i o n  mechanism, Ta fe l  s lope and exchange cur ren t  a r e  t h e  
same f o r  both systems, the ox ida t ion  of methanol i n  the  b a s i c  
system a t  80"c should be q u i t e  apprec iab le  near  t h e  p o t e n t i a l  of 
t he  hydrogen e lec t rode  i n  t h e  same s o l u t i o n .  It would then be r ea -  
sonable t o  assume t h a t  i f  the  dehydrogenation is base catalyzed i t  
i s  a l s o  ac id  ca ta lyzed .  

would m s u l t  i n  the  formation of a carbon monoxide spec ies  on t h e  
e l e c t r o d e  su r face .  It has been shown t h a t  the  f i n a l  product of t he  
ox ida t ion  of methanol is e i t h e r  formate o r  carbonate (3) .  This  
impl ies  t h a t  carbon monoxide fragments on t h e  su r face  a r e  f u r t h e r  
ox id ized .  Since the  carbon monoxide normally i n h i b i t s  anodic pro- 
cesses  ( 7 )  it may be assumed t h a t  t h e  substance i s  s t rongly  adsorbed; 
and should, therefore ,  decrease t h e  r a t e  of dehydrogenation s ince  
the  e l ec t rode  sur face  i s  no longer  a v a i l a b l e  f o r  c a t a l y s i s .  It 
appears t o  us, therefore ,  t h a t  a base catalyzed dehydrogenation 
mechanism i s  not  respons ib le  f o r  t h e  increased  cu r ren t s  i n  the  base 
s y s t e m .  

measurements, t h a t  even a t  t h e  lower temperature t h e  r a d i c a l s  a r e  
most d i f f i c u l t  t o  oxidize and enhanced dehydrogenation should n o t  
in f luence  t h e  r a t e  appreciably, a t  l e a s t  no t  a t  the  lower poten- 
t i a l s .  It seems t o  u s  t h a t  t h e  i n i t i a l  r e a c t i o n  sequence can b e s t  
be descr ibed b y  t h e  fol lowing mechanism 

Furthermore, examination of  t h e  i - V  curves f o r  ac id  and 

I n  t h e  b a s i c  s y s t e m  complete dehydrogenation of methanol 

It  i s  our hypothesis ,  i n  view of t h e  cu r ren t  t r a n s i e n t  

The CH3OadS i s  then  f u r t h e r  oxidized, and a t  p o t e n t i a l s  
below 600 mV. t h i s  ox ida t ion  process  is t h e  r a t e  determining s t e p  i n  
the  r e a c t i o n .  The a c t u a l  in te rmedia te  formed from the  adsorbed 
C H 3 0  will probably depend on the  f i n a l  product, whether; t h i s  be 
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the carbonate or t h e  formate ion .  I n  general ,  it would be reason- 
able' t o  assume t h a t  the intermediate  lies between CH3O and formalde- 
hyde (or  adsorbed formaldehyde) s ince  t h e  l a t t e r  i s  much more 
r e a d i l y  oxidized than  methanol ( 3 ) .  
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